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Abstract
The present work provides an extensive density functional theory study on the ambient phase of
TlReO4. In this connection, a pseudo-potential approach has been considered for understanding
the structural and vibrational properties of this material whereas the investigation of electronic
band structure and associated optical properties of this material has been carried out through
the implementation of full-potential linearized augmented plane wave (FP-LAPW) method. The
calculated bulk modulus value 29.77 GPa using LDA functional is found to be close to experimental
value 26 GPa. The order of elastic constant along the principal axis: C22 > C33 > C11, clearly
indicates that the Re−O3 bonds play a crucial role in the structural and mechanical properties of
this material. An analysis of the Born effective charge (BEC) along with Γ-point phonon frequencies
through density functional perturbation approach (DFPT) have also shown the importance of the
Re−O3 bond. The anisotropic nature of BEC is mainly found to be contributed due to the O3
atoms. An asymmetric stretching of the Re−O3 bond is found to be mainly responsible for high
intense IR peak in the high-frequency range whereas the second most intense peak is due to the
symmetric stretching of these bonds along with the asymmetric stretching of the Re−O2 bonds.
In order to get the exact electronic band structure, spin orbit coupling (SOC) in addition to Tran-
Blaha Modified Becke-Johnson (TB-mBJ) potential have been considered. Inclusion of SOC clearly
shows a decreased band gap of 4.71 eV from TB-mBJ implemented band gap of 4.82 eV which
is mainly attributed to a prominent splitting of Re d-states of about 0.08 eV. Study of density
of states reveals that the conduction band bottom (CBB) is mainly made up of Re d-states but
the main contribution to valence band top (VBT) is due to oxygen p-states. The bonding nature
of this material has also been addressed using density of state (DOS) which is further verified
through the electron charge density plot. Though the optical properties of this material are found
to be anisotropic but optical isotropy can be seen in lower energy value specially in XX and YY
directions which could be due to O2 and O3 type oxygen atoms.
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I. INTRODUCTION
ABO4 type oxides with different crystal structures are not only important in Earth
Science,1 and Material Science2–4 but also the study of these materials is worth mention-
ing from the Physics point of view5. A wide variety of these oxides are mainly found
to crystallize in zircon (silicates, phosphates, arsenates, vanadates and chromates), quartz
(phosphates, arsendates), scheelite (germanates, molybdates, tungstates and periodates)6,
wolframite (molybdates, tungstates and tantalates), M-fergusonite (distorted scheelite struc-
ture) and pseudoscheelite-type7 crystal structures at ambient conditions8. Among these
oxides, ABO4 type CdWO4 and PbWO4 are known as scintillator crystals, ZrGeO4 and
HfGeO4 are known for their use as phosphors, BaWO4 and GdTaO4 are considered as laser
host materials and CaMoO4 and SrWO4 are known for their use in batteries
9. Report on
germanate materials (ZrGeO4 and HfGeO4) shows that the doping of Ti as impurity will
make these materials better phosphors than pure compounds which in turn enhance the
technological applications10. In case of scintillator crystals, orthovanadates have shown a
better performance than periodates at ambient as well as at high pressure11–13 and a recent
finding of optical isotropy in anisotropic perchlorate structures clearly suggests its use as
inorganic scintillator14. Apart from different useful applications, most of these ABO4 type
materials are also known to exist in different phases and exhibit pressure-induced phase
transition. In order to understand this phenomenon of ABO4 type materials, ionic size
and the valence of cations A and B have been the main focus in theoretical study of such
materials15,16. The stability of these structures with respect to different cations and the
study of pressure-induced phase transition upon varying pressure is the idea of this kind
of study. To have a proper understanding of the stability and the pressure induced phase
transition of these structures, experimental studies using Raman spectroscopy have been
performed. Among these studies, the investigation of the stability of ABO4 scheelite-type
tungstates and molybdates upon compression is worth mentioning16,17. AReO4 perrhenates,
with A as alkali metal, ammonium, or Tl are also reported to crystallize in the scheelite or
pseudoscheelite crystal structure and undergo phase transitions18 upon applied pressure or
temperature.
In connection with it, TlReO4 has got a great attention for the possible structural as well
as electronic phase transition at high pressure. X-ray diffraction19,20, x-ray near-edge ab-
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sorption spectroscopy21, and Raman spectroscopy22 have been reported on this material.
These studies suggest that TlReO4 crystallizes in the pseudoscheelite structure at ambient
conditions18 and upon heating to 400 K and cooling to 200 K two phase transitions were
observed20,24. Pressure-induced phase transitions have also been noticed at 0.5, 1.9 and
9.7 GPa22,25. Among them, the phase transition at 9.7 GPa triggers a color change of the
material22. An electronic transition mechanism has been proposed to understand this phe-
nomenon.
Though these experiments give a good amount of information about the phase transition
of TlReO4, little information is known of the main physical properties of this compound.
In particular, there is a lack of theoretical studies on TlReO4, which are fundamental for
the interpretation of experiments. It has been recently shown that a systematic theoretical
calculation based on DFT would provide deep insight into the physical properties of ABO4-
type oxides23, but this has not been carried out yet for TlReO4. As a first step to achieve
this goal, a proper understanding of different properties such as structural, vibration and
optical properties of this material at ambient phase has been addressed in this article. The
good agreement obtained on the crystal structure and phonon frequencies make us confident
on the predictions made for other properties like band-gap and refractive index.
This article is organized as follows: crystal structure along with computational details of this
calculation has been discussed in the next section. After that, the results and discussion
on structural, mechanical, electronic, optical, and dynamical properties have been made.
Finally, the conclusion of this study will be presented.
II. CRYSTAL STRUCTURE AND COMPUTATIONAL DETAILS
The ambient structure of TlReO4 is the orthorhombic pseudoschelite structure with Pnma
space group where O3 type oxygen atoms can be found at 8d Wyckoff positions and Wyckoff
positions of other atoms is 4c. A unit cell of orthorhombic TlReO4 along with its super-cell
oriented in yz and xy planes are shown in Fig 1. This figure clearly shows that the whole
crystal is made up of ReO4 tetrahedron building blocks and Tl atoms. Oxygen atoms of 8d
Wyckoff positions in this tetrahedron are found to be oriented along the y-axis whereas other
oxygen atoms can be found in the crystallographic xy-plane. It can also be seen that O2
type of oxygen atoms in this crystal are aligned along the x-axis and the interaction of these
4
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FIG. 1: (color online) Unit cell of orthorhombic TlReO4 (shown in a) and super-cell of TlReO4
oriented in yz-plane (shown in b) and xz-plane (shown in c).
atoms with O1 type atoms of the nearest ReO4 tetrahedron could favor the tilt or rotation
of the tetrahedra upon the application of pressure. On the other hand, the oxygen atoms
at 8d Wyckoff position could be the possible source for the suggested phase transition that
happens in this material when pressure is applied. In order to have a proper understanding
of these speculative ideas drawn from the crystal structure, first principles calculations have
been performed on this material with two different approaches based on Density Functional
Theory (DFT)26,27. A plane wave pseudo-potential approach (PW-PP) implemented in
CASTEP code28,29 has been considered to investigate structural, elastic, and the vibrational
properties of TlReO4. An exchange-correlation functional characterized through local den-
sity approximation (LDA)30,31 and norm-conserving pseudo-potentials have been considered
in this purpose. A cutoff energy of 975.0 eV has been used throughout the whole calculation
and the Brillouin zone sampling was treated using Monkhorst-Pack scheme32 with k-points
spacing 0.03 A˚
−1
. For achieving the proper optimization of the crystal structure different
convergence criteria, such as forces minimization criterion (< 0.01 eV/A˚), energies mini-
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mization criterion (< 5 × 10−6 eV), and stress tensors minimization criterion (<0.02 GPa)
on each atom have been enforced. An extreme force minimization criterion of (1 ×10−4
eV/A˚) has also been applied in case of elastic constant calculation.
On the other hand, for calculating the electronic band structure and related optical prop-
erties of TlReO4, a FP-LAPW method using WIEN2k package
33 has been applied. The
computationally less expensive TB-mBJ potential34 in addition to a standard GGA func-
tional Perdew-Burke-Ernzerhof (PBE) has been considered to obtain a nearly exact band
gap, as normal LDA and GGA functionals are known for underestimating the band gap in
comparison to the experimental value. The presence of Re d -states in this material also
suggested to consider the inclusion of the spin-orbit coupling on top of the TB-mBJ calcula-
tion. All these calculations are done on the experimental crystal structure of TlReO4
7 and
the number of K-points used for attaining the convergence is 500. An energy of -7.0 Ry has
been used for separating the core and valence electrons in these calculations.
III. RESULT AND DISCUSSION
A. Structural and elastic properties
Ground-state structural and mechanical properties of TlReO4 have been discussed in this
section. The experimental lattice parameters are considered as the initial input parameter
in this regard. Different lattice parameters along with the bond lengths of this material have
been calculated using local-density approximation (LDA) as well as the generalized gradient
approximation (PBE). These parameters along with the atomic positions of the optimized
crystal structure are tabulated in tables I and II. Results shown in table I follow the known
trend of underestimation of lattice parameters with the LDA functional and overestimation
of these parameters with the PBE functional. It is also noticeable from these data that value
of lattice parameters ’b’ and ’c’ using LDA functional matches quite well with reported ex-
perimental results than corresponding values found from PBE functional whereas the lattice
parameter ’a’ is well reproduced with the PBE functional. Though results shown in table I
clearly suggest to consider a van der Waals correction along with these exchange-correlation
functionals, the different bond lengths tabulated in table II give a different picture. All bond
lengths with the LDA functional show nearly an equal value with the reported experimental
6
TABLE I: Calculated structural parameters of TlReO4 at ambient condition.
Parameters Expt.a LDA PBE
a (in A˚) 5.623 5.202 5.723
b (in A˚) 5.791 5.658 5.965
c (in A˚) 13.295 12.948 13.702
V (in A˚3) 432.922 381.073 467.793
Tl(4c) (0.02497 0.75000 0.12698) (0.03678 0.75000 0.13313) (0.03684 0.75000 0.13305)
Re(4c) (0.03835 0.25000 0.37984) (0.04095 0.25000 0.38009) (0.01575 0.25000 0.38043)
O1(4c) (0.82200 0.25000 0.08380) (0.87553 0.25000 0.09886) (0.81606 0.25000 0.09050)
O2(4c) (0.85600 0.25000 0.47370) (0.88272 0.25000 0.49970) (0.85052 0.25000 0.48850)
O3(8d) (0.01220 0.51540 0.68590) (0.04903 0.49720 0.69044) (0.05534 0.50858 0.68803)
aRef.7
TABLE II: Calculated bond lengths of TlReO4.
Bond length Expt.a LDA PBE
Re−O1 (in A˚) 1.667 1.762 1.764
Re−O2 (in A˚) 1.615 1.754 1.757
Re−O3 (×2)(in A˚) 1.64 1.76 1.766
Tl−O1 (in A˚) 2.931 3.038 3.177
Tl−O1 (×2)(in A˚) 3.165 2.984 3.291
Tl−O2 (in A˚) 2.957 2.783 2.973
Tl−O3 (×2)(in A˚) 3.122 2.714 2.944
Tl−O3 (×2)(in A˚) 2.932 2.674 2.897
aRef.7
bond lengths. The calculated distortion index (bond length) value of the ReO4 tetrahedron
with the LDA functional (0.0014) is found to be more regular than the PBE result (0.0018).
In the case of TlO8, the LDA result is near to the experimental result. Moreover, the bulk
modulus value using LDA functional is found to match quite well with the experimental
result which is reported to be 26 GPa19. Therefore, a Van der Waals correction has not
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TABLE III: Computed elastic constant values Cij and associated parameters such as: Bulk modulus
(B), isothermal compressibility (K) and young’s modulus (E). Units are as follows: Cij in GPa, B
in GPa, K in GPa−1 and E in GPa.
C11 C12 C13 C22 C23 C33 C44 C55 C66 B K E
53.50 29.80 26.17 61.71 22.70 56.65 13.77 19.82 16.88 36.46 0.027 34
been included in this calculation. The bulk modulus along with its pressure derivative has
been calculated using a 3rd-order Birch Murnaghan equation of state (BM-EOS)35 and the
results are 29.77 GPa and 5.94 respectively. Considering all the above-mentioned points
according to structural parameters, the LDA functional has been considered for the further
calculations to obtain the mechanical and vibrational properties of TlReO4.
To study the mechanical stability and the associated properties of this material, the LDA
functional has been considered along with the optimized crystal structure as the next step.
In this connection, the elastic constants of this material have been calculated using the
stress-strain method. As the crystal structure is orthorhombic, we have found 9 elastic con-
stant coefficients which are tabulated in table III with other related mechanical parameters
associated with these elastic constants. According to our knowledge, the elastic constants of
TlReO4 are being reported in this article for the first time. The mechanical stability of this
crystal is confirmed from the born stability criterion. The order of the elastic constant along
the principal axis, C22 > C33 > C11 tells the anisotropic nature of this crystal. As discussed
in the crystal structure and computational details section, the presence of O3 oxygen atoms
along the y-axis and O1 and O2 types of oxygen atoms in the xz-plane could be the possible
origin of this anisotropy. The poly-crystalline bulk modulus found from the elastic constant
calculation is reported to be 36.46 GPa which is slightly higher than the bulk modulus found
from BM-EOS. The bulk modulus value of TlReO4 is found to be much smaller compared
to other ABO4-type scheelite materials CaWO4 (74 GPa), SrWO4 (63 GPa)
38, CaMoO4 (82
GPa)39 and SrMoO4 (71 GPa)
40. This is because of the large volume of the TlO8 dodeca-
hedron which dominates the compressibility of the crystal and is very compressible due to
the weak Tl-O bonds (which is a consequence of the electronic distribution, highly localized
around Re and delocalized around Tl).
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B. Born effective charge (BEC)
To have a better understanding of the material properties such as vibrational and optical
properties, the born effective charge is a very useful fundamental quantity. The quantity
itself defines the coupling of the electrostatic field with the lattice displacement. In this
study, the linear response method implemented in CASTEP has been used for the purpose
of computing BEC. All the related results are shown in table IV. The convergence of this
calculation satisfies the acoustic sum rule which is
∑
k Z
∗
k,ii = 0. The result in table IV clearly
shows that all the components of BEC are not null for O3 atoms whereas the other atoms
present in this material have only diagonal elements along with Z∗13 and Z
∗
31 components of
BECs. This clarifies the absence of interaction in xy and yz plane due to Tl, Re, O1 and
O2 atoms. Though a nearly doubling of nominal charge for Tl and a large reduction of
nominal charge of Re atoms in xx, yy and zz components of BECs can be seen but it follows
a Z∗11 6=Z
∗
22 6=Z
∗
33 relation for both elements. Among oxygen atoms, O1 atoms are found to
follow a different trend than other oxygens.
The existence of a mix covalent-ionic nature of bonding is quite evident from the deviation of
BEC’s with respect to the minimal charge of the different elements present in this material.
The covalent nature of any bond can be seen as transfer of charge in a considerable amount
upon displacement of the atoms associated to that bond36,37. In this connection, the large
deviation of the nominal charge of all the elements present in TlReO4 helps us to make
a conclusion that this material possesses a notable covalent character. Though a large
reduction of the nominal charge of Re and oxygen atoms in ReO4 anions can be seen, a
smaller reduction of the nominal charge of O1 oxygens introduces ionicity in this covalent
building block. Moreover, the presence of off-diagonal elements for O3 oxygens supports the
earlier comment. Along with this, the comparatively large amount of BEC of the Tl atom
indicates a possible hybridization of Tl and neighboring O1 oxygens.
C. Vibrational properties
The optimized crystal structure with the LDA functional has been used for calculating
zone centered phonon modes and associated IR spectra for this material. In this purpose,
linear response theory implemented in the density functional perturbation theory (DFPT)
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TABLE IV: Calculated BECs of Tl, Re and O atoms of TlReO4.
Atoms Ionic Z∗11 Z
∗
12 Z
∗
13 Z
∗
21 Z
∗
22 Z
∗
23 Z
∗
31 Z
∗
32 Z
∗
33
Tl1 1 2.006 0 0.209 0 2.166 0 0.270 0 2.077
Tl2 1 2.006 0 -0.209 0 2.166 0 -0.270 0 2.077
Re1 7 3.117 0 0.184 0 3.296 0 0.442 0 3.213
Re2 7 3.117 0 -0.184 0 3.296 0 -0.442 0 3.213
O1 -2 -2.529 0 0.334 0 -0.774 0 0.381 0 -0.724
O1 -2 -2.529 0 -0.334 0 -0.774 0 -0.381 0 -0.724
O2 -2 -0.914 0 0.921 0 -0.494 0 0.747 0 -1.954
O2 -2 -0.914 0 -0.921 0 -0.494 0 -0.747 0 -1.954
O3 -2 -0.839 0.713 -0.195 0.527 -2.096 0.883 -0.191 1.041 -1.305
O3 -2 -0.839 0.713 0.195 0.527 -2.096 -0.883 0.191 -1.041 -1.305
O3 -2 -0.839 -0.713 -0.195 -0.527 -2.096 -0.883 -0.191 1.041 -1.305
O3 -2 -0.839 -0.713 0.195 -0.527 -2.096 0.883 0.191 -1.041 -1.305
is considered. As the primitive cell of TlReO4 is constituted by 24 atoms, 72 phonon modes
are expected at Γ-point. Among them, 3 modes are acoustic modes whereas the rest 69
modes are optical modes. The optical modes are sub-divided into 3 types depending on
symmetry: IR-active modes (B1u, B2u, B3u), Raman-active modes (Ag, B1g, B2g, B3g) and
silent modes (Au). Among them, 33 modes are also called external modes as these modes are
due to whole lattice vibrations and 36 modes are called internal modes as these modes are
due to the stretching and bending of the ReO4 tetrahedron. The irreducible representation
of these phonon modes can be written as
Γ = Γacoustic + ΓIR + ΓRaman + Γsilent
Here,
Γacoustic = B2u +B1u +B3u
ΓIR = 10B1u + 6B2u + 10B3u
ΓRaman = 11Ag + 7B1g + 11B2g + 7B3g
Γsilent = 7Au
All these modes are non-degenerate.
All zone centered phonon frequencies along with the assigned symmetries are tabulated
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TABLE V: Calculated zone centered vibrational modes of TlReO4 from 0 to 200 cm
−1 along with
experimental value (see in Ref. 22) and assignment of different modes. [M1-M3 are acoustic modes,
Rot.=Rotation, Trans.=Translational, Rock.=Rocking, Wagg.=Wagging and Twist.=Twisting]
Mode No. Frequency (cm−1) Expt (cm−1) Symmetry Mode Assignment
M4 6.90 B2u IR Rot. of ReO4
M5 10.68 B1g Raman Trans. of (Tl, ReO4)
M6 26.05 Au Silent Trans. of (Tl, ReO4)
M7 28.28 Ag Raman Trans. of (Tl, ReO4)
M8 32.37 B3g Raman Trans. of (Tl, ReO4)
M9 34.29 B1u IR Trans. of (Tl, ReO4)
M10 36.04 B3u IR Rot. of ReO4, Trans. of Tl
M11 43.51 39 B2g Raman Trans. of (Tl, ReO4)
M12 44.03 Au Silent Trans. of (Tl, ReO4)
M13 45.48 Ag Raman Trans. of (Tl, ReO4)
M14 45.81 B1u IR Trans. of (Tl, ReO4)
M15 48.92 49 B2g Raman Trans. of (Tl, ReO4)
M16 51.20 B1g Raman Rot. of ReO4
M17 54.91 B3g Raman Trans. of (Tl, ReO4)
M18 60.11 B3u IR Trans. of (Tl, ReO4)
M19 60.68 B2u IR Trans. of (Tl, ReO4)
M20 60.94 62 Ag Raman Trans. of (Tl, ReO4)
M21 63.41 B1u IR Trans. of (Tl, ReO4)
M22 70.78 B3u IR Trans. of (Tl, ReO4)
M23 72.10 B2g Raman Trans. of (Tl, ReO4)
M24 73.59 B1g Raman Rot. of ReO4
M25 76.83 B2g Raman Trans. of (Tl, ReO4)
M26 77.75 Ag Raman Trans. of ReO4
M27 84.21 B3g Raman Rot. of ReO4
M28 85.59 Au Silent Rot. of ReO4
M29 93.74 Au Silent Rot. of ReO4
M30 101.70 B3u IR Rot. of ReO4
M31 116.94 B3g Raman Rot. of ReO4, Twist. in ReO4
M32 117.59 Ag Raman Rot. of ReO4
M33 119.28 B2u IR Rock., Wagg. in ReO4
M34 124.22 B2g Raman Rot. of ReO4
M35 127.29 B1g Raman Rock., Wagg. in ReO4
M36 135.34 B1u IR Rot. of ReO4
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TABLE VI: Calculated zone centered vibrational modes of TlReO4 in the intermediate frequency
range with experimental value (see in Ref. 22) and associated mode assignment. [Rock.=Rocking,
Wagg.=Wagging, Sci.=Scissoring, Twist.=Twisting]
Mode No. Frequency (cm−1) Expt (cm−1) Symmetry Mode Assignment
M37 266.76 B2u IR Rock., Wagg., Sci. in ReO4
M38 267.89 Au Silent Rock., Wagg., Sci. in ReO4
M39 296.42 Ag Raman Wagg., Sci. in ReO4
M40 296.44 B3u IR Wagg., Sci. in ReO4
M41 297.47 B1g Raman Sci., Twist. in ReO4
M42 299.10 B1u IR Sci. in ReO4
M43 307.84 B2g Raman Sci., Wagg. in ReO4
M44 310.26 B3g Raman Sci., Twist. in ReO4
M45 313.25 B2u IR Twist., Sci. in ReO4
M46 313.52 Ag Raman Sci. in ReO4
M47 314.65 B3u IR Sci. in ReO4
M48 316.68 B1u IR Wagg., Sci. in ReO4
M49 322.21 Au Silent Twist., Sci. in ReO4
M50 323.50 324 B2g Raman Wagg., Sci. in ReO4
M51 326.48 Ag Raman Wagg., Sci. in ReO4
M52 326.48 329 B2g Raman Sci. in ReO4
M53 335.60 335 B3g Raman Twist., Sci. in ReO4
M54 337.74 339 B1g Raman Sci., Twist. in ReO4
M55 338.65 B3u IR Sci., Twist. in ReO4
M56 339.54 B1u IR Sci., Twist. in ReO4
in Tables V-VII. The complete IR spectra (including intensities) of this material has also
been calculated and shown in figure 2. In this study, the whole IR spectra is divided into
three regions for a better resolution. These regions are as follows: Frequencies attributed to
external lattice vibrations or the mixture of lower molecular vibrations which is from 0 to
200 cm−1, Frequencies from 240 cm−1 to 360 cm−1 and the frequencies above 900 cm−1. In
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TABLE VII: Calculated zone centered vibrational modes of TlReO4 higher than 900 cm
−1 with
experimental value (see in Ref. 22). [Asym.=Asymmetric, Sym.=Symmetric, Str.=Stretching]
Mode No. Frequency (cm−1) Expt (cm−1) Symmetry Mode Assignment
M57 930.83 Au Silent Asym. Str. of Re-O3 bonds
M58 931.71 B3g Raman Asym. Str. of Re-O3 bonds
M59 941.92 Ag Raman Asym. Str. of Re-O1,
sym. str. of Re-O3
M60 942.07 B2u IR Asym. Str. of Re-O3 bonds
M61 942.80 B3u IR Str. of Re-O1 bond
M62 943.13 B1g Raman Asym. Str. of Re-O3 bond
M63 944.74 B1u IR Str. of Re-O1 bond
M64 951.02 B2g Raman Asym. Str. of Re-O1,
Re-O2 bonds
M65 960.11 959 Ag Raman Str. of Re-O2 bond
M66 963.50 B1u IR Sym. Str. of Re-O3,
Asym. Str. of Re-O2
M67 968.88 B2g Raman Sym. Str. of Re-O3,
Asym. Str. of Re-O2
M68 991.01 B3u IR Sym. Str. of Re-O3,
Asym. Str. of Re-O2
M69 1013.57 Ag Raman Sym. Str. of all bonds in ReO4
M70 1013.90 B2g Raman Sym. Str. of all bonds in ReO4
M71 1016.33 B1u IR Sym. Str. of all bonds in ReO4
M72 1018.44 B3u IR Sym. Str. of all bonds in ReO4
order to explain the first frequency range, the IR spectra of TlReO4 from 15 to 110 cm
−1 has
been depicted in figure 2(a). This figure clearly tells that 4 very intense peaks are present
in this spectra. These peaks belong to the external lattice vibrations. Among them, the
highest intensity peak is found at 60.74 cm−1 and the associated vibrational is shown in
figure 3(a). Figure 3(a) clearly shows a collective vibration of Tl atoms and ReO4 groups
13
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FIG. 2: (color online) IR spectra of TlReO4 in three different regions.
(a) (b) (c)
FIG. 3: (color online) Assigned vibrational modes of most intense IR peak in different range.
in the opposite direction which is the main reason behind the intense peak at 60.74 cm−1.
The second highest intense peak is found at 45.93 cm−1. This mode is due to a similar kind
of translation of Tl atoms and ReO4 groups. The two peaks that follow in intensity are
at 70.82 and at 36.14 cm−1 being associated with a translation of Tl and ReO4. The IR
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spectra of TlReO4 in the 240 to 360 cm
−1 frequency range also shows 4 prominent peaks
which can be seen in figure 2(b). The most intense peak is due to the scissoring of the ReO4
group and the frequency is 299.15 cm−1. The corresponding vibration can be seen in the
figure 3(b). Other intense peaks which are also due to a similar scissoring of ReO4 group are
found at 266.79, 316.68 and 339.54 cm−1. In case of high-frequency range above 900 cm−1,
only two prominent peaks can be seen which are shown in figure 2(c). Among these peaks,
the strongest peak is located at 942.07 cm−1 and the second most intense mode is at 963.5
cm−1. An asymmetric stretching of Re−O3 bonds in ReO4 group is found to be the reason
for the first one whereas a symmetric stretching of Re−O3 bonds along with asymmetric
stretching of Re−O2 bonds is the reason for the other. The movements associated to the
strongest peak are shown in figure 3(c).
D. Electronic band structure
A calculation of the electronic band structure of orthorhombic TlReO4 has been carried
out using the FP-LAPW approach. The experimental lattice parameters have been consid-
ered as the input parameters in this regard and the electronic band structure of TlReO4 is
depicted in figure 4. In order to obtain the exact band gap, a semi-local potential TB-mBJ
along with the spin-orbit coupling (SOC) have also been considered. The computed band
gap using the LDA functional is found to be 2.4 eV whereas the band gap value has increased
to 4.81 eV after the inclusion of TB-mBJ potential. The inclusion of SOC in the band struc-
ture calculation has decreased the band gap to 4.73 eV. Figure 4 clarifies the nature of this
band structure which is indirect with conduction-band bottom at X and valence-band top
at Y high symmetric direction of the Brillouin zone. Our calculated band structure explains
the transmission reported by Kunkley41. They observed a sharp change in the transmission
at 280 nm (4.4 eV) plus a lower energy exponential decay in transmission which resembles
an Urbach tail which extends below the fundamental band gap. As it is not trivial to un-
derstand the contribution of different states of particular atom from the band structure, the
density of states as well as the partial density of states have also been evaluated and plotted
in figure 5. It clearly illustrates that the density of states (plotted from -4 eV to 8 eV) at
energies lower than the Fermi level is divided into 3 regions whereas the conduction band
is divided into 2 regions. The contributions to the band structure from -4 eV to -3 eV are
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FIG. 4: (color online) Electronic band structure of TlReO4 with TB-mBJ potential (red) as well
as TB-mBJ+SO scheme (black).
mainly due to the oxygen p-states and Tl and Re s-states. The middle region of the valence
band which is from -2.6 eV to -1.35 eV is mainly made up of oxygen p-states, Tl s-states
and Re p-states along with a small contribution of d -states. The valence band near the
Fermi level is due to oxygen p-states, Tl s-states and a slight contribution from Re d -states.
The conduction band up to 8 eV shows also two regions where the region below 6 eV is
mainly made of Re d -states and oxygen p-states. The region above 6 eV is dominated by
Re d -states, Tl p-states and a small contribution of oxygen p-states. This analysis of the
density of states clearly shows the covalent nature of bonding between oxygen and Re atoms
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FIG. 6: (color online) 2D electronic charge density difference plot of TlReO4 projected in (a) (101)
plane and (b) (011) plane.
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FIG. 7: (color online) Calculated complex dielectric function of TlReO4 using experimental crystal
structure. ε1(ω) indicating real part and the ε2(ω) indicating imaginary part of this function are
depicted in up and below panel, respectively.
and the ionic nature between Tl and the ReO4 anion. To validate this, the charge density
mapping has been evaluated in (101) and (011) planes as the xz-plane can be considered for
O1 and O2 oxygens whereas the O3 oxygens can be found in the yz-plane. The calculated
charge density distribution is shown in Fig. 6. It clearly shows a considerable sharing of
charges between Re and oxygen atoms and a small sharing of charges among Tl and other
atoms. It can also be seen from the charge density plot in the yz-plane that the Tl and oxy-
gen atoms are having ionic bond whereas the charge density plot in xz-plane clearly shows
a little sharing of charge between Tl and O1 oxygens. This result is found to be consistent
with the conclusions drawn from the DOS.
E. Optical properties
The calculation of the optical properties of TlReO4 has been done using the local potential
TB-mBJ with a SOC interaction. The absorption coefficient and refractive index of this
material have been calculated using the dielectric function. The imaginary and real dielectric
function of this material are depicted in figure 7. The prominent peaks along XX direction
can easily be seen at A, B, C, D, E, F, G, H points of this figure whereas peaks along YY
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TABLE VIII: Possible optical transitions of TlReO4 using imaginary part of dielectric function
and electronic band structure.
xx yy zz
A 2.2 I 2.6 P 1.4
B 1.6 J 2.1 Q 7.8
C 7.5 K 7.4 R 2.9
D 3.2 L 3.3 S 4.6
E 3.0 M 3.3 T 4.4
F 4.5 N 4.4 U 3.9
G 4.3 O 4.1 - -
H 3.5 - – - -
direction can be found out at I, J, K, L, M, N, O points and along ZZ direction at P, Q, R,
S, T, U. It is well known that these peaks in the imaginary dielectric functions appear due
to the inter-band transitions from the conduction band to the valence band. These peaks
of the imaginary part of dielectric function along with the electronic band structure have
been used for calculating a possible inter-band transitions of this material. The calculated
transitions are found as: (a) O(p-states)→Re(d -states) in between 4.8 to 6.2 eV, (b) Tl(s-
states)→O(p-states) in between 4.8 to 6.2 eV, (c) O(p-states)→Re(d -states) in between 6.2
to 8.2 eV, (d) Re(d -states)→O(p-states) in between 6.2 to 8.2 eV, (e) Tl(s-states)→O(p-
states) in between 6.2 to 8.2 eV, (f) O(p-states)→Re(d -states) in between 8.2 to 9.2 eV.
The important transition among all these transitions is the O(p)→Re(d). All other allowed
transitions are presented in table VIII. The real value of the dielectric constant at zero
energy along different directions are ǫXX1 (0) = 2.8, ǫ
Y Y
1 (0) = 2.9, and ǫ
ZZ
1 (0) = 2.7 and
the corresponding refractive indexes are nXX(0) = 1.7, nY Y (0) = 1.71, and nZZ(0) = 1.63.
These values of the refractive index undoubtedly show that this parameter along ZZ axis is
low whereas is high along the YY axis. Figure 8 shows the three index of refraction along
XX, YY, and ZZ directions. It can be seen from this figure that the maximum value of this
index of refraction along XX direction is 2.9 at 6.5 eV, along YY direction is 2.6 at 6.5 eV
and along ZZ direction is 2.9 at 6.5 eV. The absorption spectra of this material is illustrated
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FIG. 9: (color online) Absorption spectra of TlReO4 using experimental crystal structure.
in figure 9. It shows the optical isotropy for the energy range 6 to 8 eV and approximately
near to 5 eV the first peak has been observed.
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IV. CONCLUSIONS
In order to conclude the present work, we have carried out a systematic study of the main
physical properties of orthorhombic TlReO4 with the LDA functional. We have obtained and
explained the ground state structural and elastic properties of this material. Our calculated
bulk modulus is found to be consistent with the reported experimental result and the elastic
constant values show the presence of a mechanical anisotropy. This has been interpreted
as due to different types of oxygen atoms in different arrangements. After that, the BECs
of this material have been studied which clearly provide evidence about the importance of
the O3 oxygen atoms present in this material. Zone centered phonon modes have been
calculated and assigned. They are presented into three regions to have a better resolution of
vibration properties. The strongest peak in the low-frequency range results from the lattice
vibration of Tl atom and the ReO4 group in the opposite direction and occurs at 60.74 cm
−1.
The highest intense peak in the 240 to 360 cm−1 frequency range is found at 299.15 cm−1
and it is due to the scissoring of Re−O bonds in ReO4 group. The most intense peak above
900 cm−1 is found to occur at 942.07 cm−1 being associated to the asymmetric stretching
of Re−O3 bonds in ReO4 group. Next, the electronic band structure calculation shows
that a TB-mBJ potential including a SO coupling properly describes the band gap, which
is underestimated by LDA calculations. A study of the density of states established that
the main contribution in valence band top comes from O(p-states) whereas the conduction
band bottom is mainly made up of Re(d -states). Though a little amount of isotropy is
present in the energy range 6 to 8 eV, the optical properties of TlReO4 clearly suggest that
this material is optically anisotropic in nature. In summary, this study clearly explains the
structural, mechanical, vibrational, electronic and optical properties of TlReO4. Thorough
study of all these properties clearly indicates the importance of O3 oxygen atoms which are
aligned in the y-axis and we can conclude that these atoms will carry out an important role
in phase transition of this material upon the application of pressure.
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